We demonstrate tuning of hole injection barriers in bottom contact triisopropylsilylethynyl pentacene ͑TIPS-pentacene͒ organic thin film transistors ͑OTFTs͒ by forming the self-assembled monolayers ͑SAMs͒ of thiophenol, 4-fluorothiophenol, or pentafluorothiophenol on the pristine Ag electrode. The work functions of SAM-treated Ag electrodes are measured by Kelvin probe method. The TIPS-pentacene OTFT devices were fabricated by a drop-cast method with a micropipette like an inkjet printing. The OTFTs with pentafluorothiophenol-Ag electrodes as source and drain exhibit carrier mobility of 0.17 cm 2 / V s and on/off current ratio of 10 5 because of almost no hole injection barrier to TIPS pentacenes. The SAM-treated Ag electrodes are robust over repeated electrical scans of 100 cycles. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2907691͔
Most of OTFT fabrication has been done with vapor deposition process. Solution-processable organic molecules have advantages over vapor-deposited organic molecules in the following respects: lower cost, mass production in such ways of roll-to-roll processing, screen printing, inkjet printing, and processibility at lower temperature and over large areas. Vapor-deposited pentacenes have surpassed amorphous Si in performance.
1-3 Moreover, solution-processable pentacene derivatives will expedite OTFT electronics. [4] [5] [6] [7] [8] We were able to fabricate the TIPS-pentacene OTFT devices using a drop-cast method with a micropipette like an inkjet printing.
In addition to the development of better organic semiconductor materials and fabrication procedures, lots of effort has been made to improve the performance and the stability of OTFT devices by investigating proper electrode materials and gate insulators, device structures, and charge transport. [9] [10] [11] For the efficient charge carrier injection into organic molecules, the work function of the electrode has to match the energy level of the highest occupied molecular orbital ͑HOMO͒ or the lowest unoccupied molecular orbital ͑LUMO͒ of the organic molecules. 12, 13 Thus, the achievement of energy level alignment at organic/metal interfaces is critical for an Ohmic contact. It has been reported that the work function of metal can be tuned by using various dipolar self-assembled monolayers ͑SAMs͒ on the metal. 14, 15 Surface modifications of metal electrodes via SAMs have been done to reduce the charge injection barrier at the organic molecules/metal interfaces. 16 Pd or Au electrodes modified by thiol-based SAMs have been studied to enhance the charge injection in OTFTs. 17, 18 Silver ͑Ag͒ has the highest electrical and thermal conductivities of all metals. However, Ag ͑work function, ⌽ Ag = 4.70 eV͒ is not considered as source and drain electrodes for OTFTs because its work function results in a high injection barrier for p-type organic semiconductor materials such as pentacene ͑HOMO, ⌽ pet = 5.07 eV͒ ͑Ref. 19͒ or TIPS-pentacene ͑HOMO, ⌽ TIPS = 5.30 eV͒. In this work, we demonstrate that the work function of a Ag electrode can be adjusted from 4.14 to 5.35 eV by using SAMs of aromatic thiols on Ag electrodes, and thus, we manipulate charge injection from Ag electrodes into TIPS-pentacene active layers. A correlation between the extent of energy mismatch at the TIPS-pentacene/Ag interface and the electrical properties of the devices is reported. The reliability of the device performance and the stability of the chemically modified Ag electrodes are also tested by repeated electrical scans over long period of time and it turns out reliable and stable.
OTFT devices were fabricated in a bottom contact geometry. We used solution processed TIPS pentacene for the active channel layer, the heavily doped-silicon wafer for the gate electrode, and thermally grown SiO 2 layer ͑thick-ness of ϳ300 nm͒ for the gate dielectric. Ag was thermally evaporated as the source/drain electrodes and patterned by photolithography and lift-off method ͑L = 10-100 m, W = 20-500 m͒. was then removed from the solution and rinsed with ethanol several times and dried off with N 2 gas. TIPS-pentacene active layer was fabricated by a drop-cast method with a micropipette like an inkjet printing. The schematic of our bottom contact OTFTs is given in Fig. 1͑a͒ . The organic semiconductor, TIPS pentacene, synthesized, as described in the paper by Anthony et al., 4 was dissolved in toluene at 0.5 wt % concentration, filtrated through 0.2 m poly͑tet-rafluoroethylene͒ membrane filters, and drop-casted on the channel area between the SAM-modified source and drain electrodes using a microtip. We annealed the OTFT device at 90°C for 20 min and then allowed it to cool down to room temperature in ambient conditions for measurement. The energy levels of a TIPS pentacene, a pristine Ag electrode, and a SAM-modified Ag electrode by TP, 4-FTP, or PFTP molecule are shown in Fig. 1͑b͒ . We measured the HOMO and LUMO levels of a TIPS pentacene using cyclic voltammetry and UV-visible spectroscopy. The work function of SAMmodified Ag electrode was obtained by a Kelvin probe under ambient conditions. 20 The work function of the pristine Ag electrode is measured to be 4. There is the high hole injection barrier ͑ϳ0.6 eV͒ between the metal Ag and the TIPS pentacene, which is manifested as S shaped in the early part of the I-V curve in Fig. 2͑a͒ . The higher hole injection barrier ͑ϳ1.1 eV͒ with TP-Ag electrode is reflected more S shaped in the early part of the I-V curve shown in Fig. 2͑b͒ . On the other hand, the TIPS-pentacene OTFTs with 4-FTP-Ag or PFTP-Ag electrode show an Ohmic behavior which is shown in Fig. 2͑c͒ or 2͑d͒ . These results imply that the work functions of 4-FTP-Ag ͑ϳ5.21 eV͒ and PFTP-Ag ͑ϳ5.35 eV͒ match the HOMO level of TIPS pentacene, and thus, it leads to the efficient injection of holes into the TIPS-pentacene active layer. Drain current ͑I DS ͒ at low drain-source voltages ͑i.e., in the linear region͒ for the pristine Ag and the SAMmodified Ag electrodes is given in Fig. 3 . The current is suppressed with TP-Ag electrodes, while the current with 4-FTP or PFTP-Ag electrodes is enhanced due to the energy level alignment. Figure 4 shows a typical plot of the squareroot of drain current as a function of gate-source voltage ͑V GS ͒ for the OTFTs with the pristine Ag electrode and the SAM-modified Ag electrodes. A field-effect mobility ͑͒ was extracted from the slope in the saturation regime in the plot of the square-root of drain current versus V GS ͑Ref. 0.04-0.15 cm 2 / V s or in the range of 0.04-0.17 cm 2 / V s, respectively. We also considered that the surface modification for controlling the work function might impact the ordering of the TIPS pentacene at the metal/active layer interface, and thus, probable morphological changes could affect charge injection. We checked the morphological differences and molecular ordering in the active layer of all the SAMtreated samples which includes the ordering effect at the interface by polarized optical microscopy and x-ray diffraction study. In all the samples, the polarized optical images and the x-ray patterns reflected that no appreciable change in morphology or molecular ordering of the active layer and the interface occurred. The same vertical intermolecular spacing value ͑16.8 Å͒ was measured via our x-ray diffraction study and the value is consistent with previously published result. 4, 7 Therefore, the morphological change of TIPS pentacene, which might be induced by SAM treatment on the surface of Ag electrode, has not appreciably affected the charge injection. Energy level difference between the HOMO of TIPS pentacene and the work function of the SAM-modified Ag electrode plays a dominant role in the hole injection, and thus, in the device performance. Figure 4 shows drain current plotted on a log scale as a function of gate-source voltage. From this plot, we extract a subthreshold slope and an on/off current ratio. The electrical properties of the bottom contact TIPS-pentacene transistors with various electrodes for L =30 m, W =60 m are summarized in Table I . In order to test the reliability and stability of the devices based on TIPS pentacene with the SAM-modified electrodes, we performed repeated electrical scans over a long period of time. For this reliability study, the devices with a channel length of 100 m and a width of 200 m were electrically measured more than 100 times continuously and all the measurements were performed under an ambient atmosphere at room temperature. Figure 5 shows the stability and reliability of mobilities versus operation cycles. TIPSpentacene OTFT devices with SAM-modified electrodes exhibit the stability to the same extent as the pristine Ag electrodes. The SAM-modified Ag electrodes are robust and reliable.
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